Показано, що сучаснi роботи, присвяченi оптимiзацiї техно-логiчних процесiв, не враховують у власних моделях систем i в критерiях вимоги до загальної ефективностi процесу i вiдповiд-ностi цiлям власника комерцiйного виробничого пiдприємства. Для цього необхiдно знижувати витрати i час технологiчної операцiї, а також максимiзувати додану вартiсть основного продукту.
Introduction
Systems processes at any enterprise should proceed in such a way that operating results are maximally consistent with the purpose of the owner [1] .
To ensure such an alignment, it is required to reduce costs and duration of a technological operation, as well as maximize the added value of the primary product [2] . In a general case, the extrema of these functions do not match [3] . A solution could be found while resolving the problem on global optimization for a single unified criterion [4] . It should be noted that a large number of technological equipment in ore-mining and chemical industries, and these include almost all the tools that perform basic technological operations, operate at continuous supply of raw materials [5] . Enterprises solve the low-level automation tasks, implement workshop SCADA systems and primary elements of MES-systems [6] . However, they still have not applied mathematically substantiated models and methods of control over technological equipment, in order to ensure their optimal functioning in global terms [7] .
Optimization is difficult due to a changing demand, volatile prices for raw materials and energy resources, instability of raw material quality indicators [8] .
Solving a scientific-applied problem on the synthesis of optimal systems for the flow processing of raw materials makes it possible to improve efficiency of enterprises through better management of resource-intensive processes [9] at each stage of production based on a single criterion for effective use of resources.
Literature review and problem statement
Most often, the concept of "system" is defined as "a set of interrelated elements that act as a whole with all its internal and external relationships and properties" [10, 11] . The scientifically grounded approach to the synthesis of production systems is based on the idea that the result of development is the derived generalized class of minimal structures [12, 13] that describe the technological and managing aspects for specific processes. Correspondingly, the system, in addition to the modules for calculating dynamic indicators of energy and product conversion [14] , should include the subsystems that calculate a set of parameters to assess the optimality of the process. It is obvious that the management part of these structures, as well as computational models, based on them, is determined by the applied criteria of optimality.
Papers [15, 16] tackle the optimization of technological processes of drying while increasing energy efficiency. Study [17] addresses control over a group of pumping units and reduction of specific energy consumption. The considered works are typical in that they employ traditional approaches to forming the optimality criteria. They imply description of quality requirements to the process, as well as the proposed constraints, in the form of weighted sums that form the additive criterion. The disadvantage of a given approach is that there is no strict mathematical justification for the weighting coefficients chosen by a method of expert estimations, which could lead to the inappropriate underestimation of the system's performance and might increase costs.
It is worth noting that the models described in papers [17, 18, 19] are aimed at increasing the observability over a technological system and improving the quality of control, while not comprehensively resolving the task on maximizing the profits from an operation when reducing physical and material costs. The issue on the synthesis of a fully-fledged system could be resolved if the optimization criterion to be used is the resource utilization efficiency formula.
The estimation indicator reported in [20] has passed all stages of verification to be applied as an indicator of efficiency [21] .
For the process of a batch product treatment, which takes into consideration the total costs (including the cost of raw materials, cost of energy, the cost of the resource used), the value of the output product, time cost, the criterion takes the form:
where PE is the cost of the resulting product, RE are the total expenditures, T 1 is the dimensionality ratio, T op is the operation duration. The well-known criterion (1) is subject to limitations associated with its insensitivity in the region of negative assessments of added value and low sensitivity to a change in registration signals at small degrees of freedom in control. In addition, this criterion does not take into consideration the technological limitations set for a qualitative or quantitative characteristic of the finished product, which is required to optimize the entire technological chain at an enterprise.
The aim and objectives of the study
The aim of this work is to synthesize a cybernetic model of the optimal system with a continuous supply of a raw material product that would enable determining the effectiveness of the current process, applying the verified optimality criterion.
To accomplish the aim, the following tasks have been set: -to develop a generalized model of continuous operation; -to modify and verify the estimation indicator of process effectiveness in order to use it as the optimization criterion; -to synthesize a functional structure of the system with a continuous supply of raw materials and to generalize its model at the cybernetic level;
-to conduct experimental research into processes in the synthesized system and to search for the optimal controls based on the modified criterion.
Modification and verification of the estimation indicator for the effectiveness of continuous operations
One can distinguish separate stages in the technological processes of chemical and mining production, characterized by a continuous and space-extended material treatment with a power supply at separate regions. These could include the following technological processes: grinding of the ore, roasting and heating of iron-ore pellets, the synthesis of technological carbon in chemical reactors, drying of loose products in drum dryers, heating of liquids and gases in heat exchangers and pipelines.
In general, based on papers [3, 5] , such processes can be described by the following scheme (Fig. 1) . FP -a flow of the finished product; EP1 -a flow of the input energy product; EP2 -a flow of the secondary energy product; ТP_IN -a flow of the input technological product;
Model
TP_OUT -an output technological product
The term "product with a directed effect" refers to the raw material, which is treated or converted into a finished product during this technological operation.
The primary energy product includes all the energy consumed by a technological installation (mostly electricity and hydrocarbon fuels). The secondary energy product is typically the thermal energy of flue gases utilized at additional technological operations of a given enterprise.
The input technical product constitutes the initial resource of equipment prior to the onset of a technological plant operation. During its operation, the resource is consumed at a certain rate, which is why one can argue about a flow of the technical product that is spent on treatment. At any time point, it is possible to determine the residual resource of the installation, which would act as the output technical product of the subsequent technological operation.
The continuous mode of flow treatment of a raw material is typically characterized by the performance efficiency of a functional system. However, evaluation of effectiveness can only be performed based on the results of the completed operation. The time of an operation within a continuous technological process is the time it takes for a conditional batch of a raw material to pass through a technological installation.
The price of the output finished product may vary depending on a certain qualitative indicator (for example, the degree of grinding the ore, output temperature, humidity, etc.). In the process of forming technological modes the valuation of the output products of an operation could turn out to be lower than the valuation of the input products of the operation. Since expression (1) is not sensitive to the negative outcome of the operation, it is required to modify the optimization criterion. The resulting expression takes the form:
In some cases, a situation occurs where a subsequent technological process requires improvement in productivity of processes in the examined system, however, in this case, effectiveness of the studies process decreases.
In such cases, productivity growth could be improved by reducing the quality of the output product, provided its quality parameters are within acceptable limits. In this case, the valuation of the output product naturally decreases. In order to take into consideration a change in the value depending on performance, expression (2) 
where σ is the factor that assigns the width of a bell-shaped function, b is the factor that assigns the height of a bellshaped function.
To comply with the conditions for finding the set of values of function Yr in the range [a; 1], it is possible to introduce condition:
At a zero deviation of the limitation indicator, the value of a correction function equals unity; when ascending, it exponentially decreases depending on the σ factor. It should be noted that the exponential function in criteria (3) equally describes the positive and negative deviations of the parameter from assigned values. In the case where the deviations are not equivalent, one should use the product of two sigmoid functions or a two-way Gauss function, known from the theory of fuzzy systems to describe membership functions.
For expression (3), verification should be undertaken to determine whether the expression might be employed as a criterion for effectiveness.
The principles of verification of performance criteria are set out in [21, 22] . This procedure is based on the argument, proven in [20] , on that out of possible operations, all other things being equal, the more effective is the following:
-an operation that takes less time; -an operation that requires fewer summary costs; -an operation that requires a smaller value of resources and raw materials;
-an operation that produces the output product that is greater in value; -a closer regulatory indicator value to the desired value (for criterion (3)).
Results of test calculations are summarized in Table 1 . Function Yr(F set , F act ) acquires the following parameters: σ=2, a=0.3, b=0.7.
The modified performance indicators are sensitive to the sign of the difference between the value of the output product and cost. Indicator (3) is sensitive to the deviation of regulatory indicator F from the desired value F set , thereby lowering the value for process efficiency at an increase in absolute deviation.
If, all other conditions being equal, the value of the output product increases, cost or operation duration decrease, the performance indicator then increases its value. Verification results affirm the possibility of applying indicators (2) and (3) as optimization criteria for a continuous operation of transforming the product with a directed effect. 
Synthesis of the cybernetic model structure for a continuing transformation of the channeled product
Based on papers [23, 24] , with respect to indicators (2) and (3), one can select those elements in the examined sys-tems without which the estimation accuracy of the formed mode's effectiveness decreases while the search for optimal controls becomes impractical.
This provides the basis for the synthesis of a cybernetic model of the system for a continuous transformation of technological products.
When calculating the valuation of input products, it is required to take into consideration the following parameters [5, 6] :
-cost of the input product -PE in ; -cost of energy for product treatment -RE proc ; -cost of energy for product transportation -RE traff ; -cost of the used resource of the treating part -RE res1 ; -cost of the used resource of the transporting part -RE res2 ; -fixed costs that do not depend on the mode of operation of equipment, which include the cost of staff time, tax and lease payments attributable per time unit -RE add .
Thus, the calculation of costs should be performed according to formula: 
where t1, t2 is the starting and end operation time of the installation; C in is the cost per unit of the input product (a raw material); C E1 is the energy cost per unit for product treatment; C E2 is the cost per unit of energy for transporting the product; C res1 is the cost per unit of resource of the treating part of the technological installation; C res2 is the cost of a resource unit for a transporting part of the technological installation; C add is the cost per unit of time of operation of the technological installation regardless of mode; F is a product flow (for example, kg/s); P proc is the power of the treating part of the technological installation; P traff is the power of the transporting part of the technological installation; fV 1 (P proc ), fV 2 (P traff ) are the functions that determine the rate of resource utilization of, respectively, the treating and transporting parts of the technological installation depending on the used power. It can be assumed that the difference between t1 and t2 matches the time it takes for a conditional batch of the product to pass through the technological installation, and then Top=t2-t1.
A change in the instantaneous resource consumption depending on the intensity of equipment operation is described by a power function, while the cost of staff time and related costs are constant.
The cost of the output product (excluding a secondary energy product) depends on its quantity and the quality indicator (for example, in the case of flow heating -on temperature):
where Cf(Q) is a function that determines the cost of products depending on the value of a qualitative characteristic; Q is the qualitative characteristic (in the case of a flow heater, temperature; for a drying plant, humidity). Since a change in control influences, both along the transportation channel and the processing channel, leads to a change in the quality of the resulting product, we must agree to that it has a variable cost, determined by a continuous differentiable function from the quality indicator (shown in Fig. 3) .
The price of the obtained corresponding energy product may depend on the amount of a heat carrier, temperature, as well as actual need.
The structure of the model shown in Fig. 2 is composed of the following units:
-calculation of the dynamics of change in the qualitative indicator of the finished product, depending on the amount of supplied raw materials and energy for treatment per unit of time, as well as on other external significant parameters;
-calculation of the amount of the finished product and a change in the load to the treating part of the technological installation depending on the amount of supplied raw materials and energy for treatment and transportation per unit of time;
-determining the price of input raw materials and the finished product depending on qualitative indicators;
-determining the price of the output accompanying energy product depending on qualitative and quantitative indicators;
-determining the amount of supplied raw materials and the resulting finished product; -calculation of the consumption rate of the treating part's resource depending on the amount of energy supplied for treatment per unit of time;
-calculation of the consumption flow of resource of the transporting part depending on the amount of supplied raw materials and energy supplied for transportation per unit time;
-calculation of the energy consumed by the treating and transporting parts of the installation; -calculation of cost of all raw material and energy expenditures; -calculation of the time that a conditional product batch would take to pass through the treating part; -calculation of performance indicator.
In the context of a given scheme (Fig. 2) , controlling variables are P proc -the power of the treating part, and P traff -the power of the transporting part of the technological installation. Based on the assigned parameters, we determine F -a product flow (kg/s), time points for generating the reset pulses (RP) for integrators that calculate valuations of the output products and costs.
The structure given here is universal and minimally required; the results of its operation do not depend on the specific technological process that undergoes the process of optimization. With its help, it becomes possible to construct models for well-defined operations and to compare efficiency of the formed modes. In addition, the search optimization methods make it possible to identify the most efficient mode of operation and to achieve an optimum within the limits assigned. Even if the global optimum is beyond the natural limitations of technological equipment, in the presence of two or more control channels, it is required to determine a working point with the greatest possible indicator of effectiveness. That cannot be done in the absence of such models and criteria. 
Experimental study of processes in the synthesized system; search for optimal controls
To confirm the adequacy of the above consideration, we shall construct a model for the flow-through water electric heater, which could be applied to verify the validity of the proposed approach, to optimize control and to perform the verification of criteria.
The unit cost of a product depending on a qualitative indicator, temperature, is assigned by the dependence shown in Fig. 3 .
Accept the following parameters for the study model: -weight of a conditional product batch, kg: 2.6; -a range of change in water feed, kg/s: 0.02-0.09; -a corresponding range of change in a pump power, W: 200-400; -a range of change in a heating element power, W: 500-14,000; -the time taken for a conditional portion to pass through the heater, s: 30-96.
The developed computational simulation model of the flow heating process is a system of dynamic links and functional transforming elements [26] (Fig. 4) .
To model the operation of a flow heating, it is required to set initial parameters: temperature of the liquid at the inlet to the installation, ambient temperature, the amount of fixed costs, the cost of electricity, the cost of resource for a transporting and treating part of the installation, a function of dependence of resource utilization rate on power used by the transporting and treating parts of the installation, a function of dependence of energy losses on the qualitative indicator of a product. Dependence of energy losses on a product flow is disregarded.
It is worth noting that the magnitude of instantaneous heat losses depends on the temperature difference of the product and the environment and affects the magnitude of the product's resulting temperature. The time taken for the conditional batch of liquid to pass determines the integration time of costs, the amount of input and output products.
For criterion (3) 
where σ is the factor that assigns the width of the bellshaped function. At a zero deviation, the multiplier's value is unity; when ascending, it is exponentially decreasing depending on the σ factor. It should be noted that the exponential function in criteria (5) equally describes the positive and negative deviations of the parameter from the assigned values. The chart of function Yr(F set , F act ) is shown in Fig. 5 .
Exploring the course of a technological process using a computational model allows us to build a dependence of the efficiency indicator based on formulae (2), (5) on controlling influences at the remaining parameters fixed. Experimental results for indicator (2) are summarized in Table 1 . Maximum efficiency is achieved at a flow of 0.0619 kg/s and a power of the heater of 16,400 W. 
Q=T, ºC
Cf(Q), rel. units Fig. 3 . Dependence of the product unit cost on temperature Table 2 gives numerical results of simulation; Fig. 6, 7 show the shape of the surface of indicator's functions (2) . We observe a considerable deterioration of the process in the region of high performance efficiency of the transporting part and in the region of low performance of the treating part, when the cost of a product is too low at a large flow of raw materials. By increasing the scale in the region of an extremum (Fig. 7) , one can see both the presence of a global extremum for the efficiency indicator and the local extrema. Such a shape of the response surface raises higher requirements to the methods and algorithms for the automated search for a global extremum in effectiveness.
We shall investigate the dependence of criteria on process parameters for the neighborhood of an extremum derived from Table 1 using the dynamic model that corresponds to Fig. 4 . The results of our study are summarized in Table 3 .
Experiments with an alternate change in parameters of the technological process were carried out in order to unambiguously establish a definite sensitivity of the indicator to them, and the possibility of using it as a criterion. 18  24  30  36  42  48  54  60  66  72  78  84  90  96 T, ºC Yr, rel. units Fig. 5 . The chart of function for the product value adjustment Table 2 Results of model study into dependence of indicator (2) The existence of a detailed model of the process allows us to perform verification of proposed criteria (2), (3). The response surface of performance indicator for the flow-through heater at constraints for a qualitative indicator (temperature) is shown in Fig. 8 .
The maximum of indicator (3) An analysis of the response surface, which describes a change on the indicator of effectiveness due to controlling influences, reveals that it has, in addition to a global extremum, many local ones. It was observed that a decrease in the step of change of controls leads to a growth in the density of local minima and maxima. Finding technological modes with the maximal effectiveness using classical optimization methods is difficult and thus it is necessary to apply specialized search and stochastic methods.
For the considered class of one-stage operations with a continuous supply of products and constraints for technological parameters, it is necessary to test, using model experiments, the above considerations employed for verification. In addition, in order to successfully verify the criteria put forward, it is necessary to compare and demonstrate that the efficiency of the process for parameter (2) is higher in the following cases:
-there are lower energy losses during treatment or the larger output quality indicator of a product; -lower energy costs for transportation; -the larger output of finished products; -the larger mass of a conditional batch; -the higher starting temperature of a raw material; -a closer value of the quality of output products to the standard value (for criterion (3)).
The results of verification study (Table 2 ) reflect a change in the value of effectiveness criterion in line with formulae (2) and (3) . The corresponding change in parameters that exerting a direct impact on effectiveness (the cases described by lines 5, Eff, rel. units
Power, W Table 2 ) leads to a change in the value for each criterion in the same direction. This confirms the adequacy of the criteria.
Increasing the parameters that have the opposite effect on efficiency (the cases described by lines 1-4, 7, 8 in Table 2 ) leads to a decrease in the value for the criteria, which also confirms their adequacy.
Variants 11-14 describe those cases when a technological parameter falls within the valid range, or is located at the border of valid values, or leaves the permissible range. Criterion (2) Eff1 grows at an increase in the temperature of the output product, while criterion (3) Eff2 -only when the controlled parameter approaches the standardized value.
It should be noted that the examined computational model employed conditional functions describing a change in the value of products, the cost of the consumed resource, power of heat losses. For industrial applications, it will be necessary to establish actual dependences.
The model considered is rather abstract and is suitable for a limited class of real installations. However, it might form the base for a possible synthesis of models of extreme efficient control over existing installations for roasting and drying of granulated products, as well as installations of chemical synthesis. It will be required to take into consideration the multistage character of treatment and a large number of controlled process variables. That would make it possible to develop new controlling software and to obtain a real economic effect.
Known models of technological processes of continuous treatment do not compute parameters required to evaluate their effectiveness. These include: the time taken for a conditional batch of a raw material to pass through the installation, a change in the cost of primary and related products depending on qualitative indicators, assessment of resource and energy costs for the transportation and treatment of a channeled product. Known optimization methods make it possible to accelerate and automate the process of finding an extremum of quality; however, the applied computational models do not allow the unambiguous connection between technological settings that define the mode and the degree of its efficiency. In this case, it is not correct to argue about attaining the best regime.
Conclusions
1. For the technological process of a one-stage treatment, characterized by a continuous supply of raw materials, energy and resource consumption, optimization can be performed by using a specialized model. It reflects the patterns in a dynamic process that has two channels of control -over a flow of raw materials and energy costs related to treatment. In addition, the model takes into consideration the constantly changing value of the output product depending on the quality indicator and the imposed constraints on the volume of output product or its qualitative properties.
2. Solving the task on optimization is impossible without using a substantiated criterion. It is based on the indicator of effectiveness as a measure of correspondence of the outcomes of work of the functional system to the goals of the owner. The formulated criterion takes into consideration the time taken for a conditional product batch to pass through the installation, total expenses, the cost of a conditional batch of the output product, depending on the quality indicator. The criterion is also sensitive to the sign of cost difference between a finished product and its cost, which makes it possible to unambiguously identify unprofitable modes -the difference is negative, and the profitable ones -the difference is positive. The value of the output product is adjusted via a function that calculates the degree of belonging of the regulating parameter to the permissible range.
It is appropriate to adjust the cost via the Gauss function whose values are in the range (0; 1], provided that deviations from the desired parameter's value are equal. If the deviation directions are not equal, one should use, on order to adjust the value of an output product, a product of two sigmoid functions, or a two-way Gaussian function. The application of a given correction function makes the criterion more convex in the region of an extremum and sensitive to the technological constraints for the parameters of a flow treatment process.
The total cost is calculated as the sum of integral values of the cost of utilized raw materials and the energy used on treatment and transportation, the cost of the utilized resource of the treating and transporting parts, the magnitude of fixed costs to maintain the operation of a technological installation.
3. Based on the criteria developed, we synthesized a structure of the functional system with a continuous supply. It could provide the search for optimal controls, provided one knows the functional dependences of resource consumption, the dependence of the cost of the output product on a quality indicator, the permissible range of the regulatory indicator. The structure is minimally possible and is suitable for all production systems that perform continuous technological operation, which includes the functions of transporting a product and treating it using an external energy source.
4. Model study of the water heating system in a flowthrough heater with independent channels of control over the flow of fluid and the heater's power confirmed the possibility to estimate the overall effectiveness of the regime, differentiation of profitable and unprofitable modes. It was established that for the accepted unit cost of a raw material, finished product, energy and resource, the unconditional global optimum is in the following neighborhood: power of a heater is 16,400 W, flow rate is 0.0619 kg/s. Introducing a symmetric constraint for a temperature of 73 °C shifts the optimum in the region of the heater's power of 15,200 W. In this case, the value for a criterion changed from 7.57E-06 to 6.68E-06 (decreased by 12 %), which explicitly confirms that the criterion matches the requirements put forward.
5. Verification of the proposed criteria for the installation of a flow fluid heating was performed by independently alternating change in all parameters that affect performance by 10 %. The results clearly demonstrate a direct change in the value for parameters' criteria that directly affect the efficiency. In addition, for parameters that are inversely proportionally influence the effectiveness, we confirmed an appropriate change in the values of optimization criteria. The proposed model of a functional system, together with the analytical expression of the criterion, ensures the search for a global optimum in the operation of a continuous technological installation with respect to constraints.
